SUMMARY The history, clinical presentation, and management of malignant hyperpyrexia are presented. The aetiology seems to be associated with some inherited abnormality which affects the movement and binding of calcium ions in the sarcoplasmic reticulum, sarcoplasm, and mitochondria. Whether this is a primary muscular defect or secondary to some trophic neural influence is yet to be established. The subjects carrying the abnormal trait show evidence of a myopathy which is subclinical in most instances and revealed only by estimation of serum CPK or biopsy. In some families where the myopathy is clinically obvious there may be, in addition, a variety of musculoskeletal abnormalities. A plea is made for routine monitoring of temperature during anaesthesia and for procainamide or procaine to be readily available in all operating theatres. A history of anaesthetic deaths in a family calls for special care, and, if the serum CPK is elevated, suxamethonium and halothane are to be avoided. Families with orthopaedic and muscular abnormalities are at increased risk and should have estimation of serum CPK before surgery. As a bonus of this study it is suggested that serum CPK estimations be used to screen pigs for selective breeding and so eliminate the disease, which causes soft exudative pork.
Malignant hyperpyrexia may be defined as a specific potentially fatal condition which occurs in susceptible individuals in response to various triggering mechanisms, of which anaesthetic agents have been found to be the most common offenders. Once initiated, the heat generation which is characteristic of this condition so exceeds the capacity of the heat-losing mechanisms that a continuous rise in body temperature occurs and, unless the offending agent is withdrawn at an early stage and treatment started, death will occur in most cases.
The syndrome of malignant hyperpyrexia has been recognized only in the past decade and only since the publication by Denborough and Lovell (1960) who reported on the death of 10 members of a particular family who died during anaesthesia has this condition become widely reported. Britt. Locher, and Kalow (1970) gathered cases from the literature and added 228 these to their own series, thereby accumulating no less than 170 cases. Since this time, as the syndrome has become more widely appreciated, many additional cases have appeared in the literature.
One of the earliest reported cases which can be identified as malignant hyperpyrexia was reported by Guedel (1951) ' The anaesthetic was given to a 10 year old male and the operation was for the suture of a left olecranon process. Premedication was with atropine 0 01 gr and Nembutal 0 7 gr. Anaesthesia was maintained with gas, oxygen, and ether after induction with trilene administered through a semi-closed Boyle circuit. Death occurred one hour and 45 minutes after commencing the anaesthetic and the nature of the symptoms preceding death are recorded as follows:
" Induction complicated by slight amount of mucus in respiratory tract. Tensed jaws and pursed lips. Maintenance on 5000 gas and oxygen with 50o ether, total flow 6 litres. Esmarch on limb, and face covered with towels. Maintenance difficult owing to mucus in trachea. Anaesthesia had proceeded for about 10 minutes when face was uncovered to display a moderate degree of cyanosis despite hyperpnoea and rich oxygen intake. Cyanosis cleared on full oxygen but returned when gas was added to the mixture. General rigidity was commencing at this stage, with legs and arms in slight flexion and eyeballs deviated upwards and to the right. The operation was hurriedly concluded and 100%0 oxygen continued.
The colour was now flushed and pink but rigidity was increasing. The patient felt hot, the rectal temperature of 108°mounted to over 1100 within a few minutes. Over the course of the next hour respiratory function was well maintained but cardiac action became embarrassed with slowing and softening of the pulse. There are many reasons why people die during anaesthesia and malignant hyperpyrexia is but one of these. This complication of anaesthesia is of particular interest and has stimulated a great deal of work into the pathogenesis of muscle disease and muscle physiology. Research workers in this field have been most fortunate in that certain strains of pigs have been found to develop malignant hyperpyrexia after exposure to suxamethonium and halothane (Hall, Woolf, Bradley, and Jolley, 1966) . The work of Harrison, Biebuyck, Terblance, Dent, Hickman, and Saunders (1968) ; Harrison, Saunders, Biebuyck, Hickman, Dent, Weaver, and Terblance (1969) on susceptible pigs has made a notable contribution to our understanding of this disease. The onset of malignant hyperpyrexia in pigs may be triggered off by exertion or by fear, as before slaughter, and is known as the porcine stress syndrome (PSS). This condition is proving a problem in some countries as malignant hyperpyrexia produces a high lactic acid content which causes the meat of involved animals to become pale, soft, and exudative (PSEP) and generally unsatisfactory for consumption. The Scandinavian countries are particularly involved, as the Landrace breed of pig is prevalent there. It is expedient at this stage to make the assumption that the disease in pigs and man is the same, though further study may prove that there are significant differences in these two species. It is unlikely, however, that such differences would be of prohibitive consequence in the overall understanding of this reaction.
CLINICAL ASPECTS
In many patients the first indication of impending trouble is a failure of relaxation of the jaw muscles after the administration of suxamethonium. Such rigidity is often mistaken as being due to inadequate suxamethonium dosage and consequently the relaxant is unfortunately repeated. The rigidity of the jaw muscles may be so profound as to make intubation impossible. More frequently the rigidity is mild or absent. The onset of malignant hyperpyrexia may be insidious on the one hand and apparently fulminating on the other. The early rise in temperature, however, has been frequently overlooked in the latter. It must also be realized that not all patients develop muscular rigidity, so that malignant hyperpyrexia occurs in two forms, the rigid and the non-rigid, the latter accounting for about 20% of cases. In the former, the rigidity of the muscles is indistinguishable from the rigidity of rigor mortis and in 70%0 of such cases the rigidity merges with and becomes rigor mortis. It was next decided to examine various serum enzymes of the members of this family in the hope of finding some evidence of muscle abnormality. This investigation produced startling evidence of disease in many of the asymptomatic members of this family. At the onset the enzymes estimated included SGOT, lactic dehydrogenase, aldolase, and creatine phosphokinase. The most reliable index proved to be creatine phosphokinase (CPK) , so that after a pilot survey the serum estimations were confined to this one enzyme. Over 10 cases (Isaacs and Barlow, 1 970a, b; Barlow and Isaacs, 1971; Isaacs and Barlow, 1971) were examined and the study extended over four generations. The CPK abnormality was found to be inherited as a Mendelian dominant and was considerably elevated in many members and it was postulated that the elevated CPK reflected a subclinical myopathy. Figures 1 and 2 illustrate examples of such inheritance. Occasional examples of failure of expression were noted, which is not an unusual finding for an autosomal dominant abnormality.
Metabolic studies were carried out on 10 of the patients with the highest levels of CPK. The serum electrolytes and urea were normal, full blood count, and erythrocyte sedimentation rates were normal. Serum calcium, phosphorus, blood sugar, cholesterol, uric acid, alkaline phosphatase, and protein-bound iodine estimations were normal. Protein electrophoretic patterns were normal. Urine analysis revealed no evidence of sugar or albumin, nor was there any indication of aminoaciduria. Porphyrins were not present in excess.
After this study, the value of CPK estimations in members of susceptible families was confirmed by Denborough, Ebeling, King, and Zapf (1970) , who also found clinical evidence of myopathy. Kyei-Mensah, Lockwood, Tyrrell, and Willett (1970) Berman, du Toit, and Kench (1971) in Landrace pigs and by Jones (1971) (Engel and Cunningham, 1963) . The histochemical study included phosphorylase (Takeuchi and Kuriaki, 1955) , ATPase (Padykula and Herman, 1955) , EDTA ATPase (Drews and Engel, 1966) , succinic dehydrogenase (Pearse, 1957) , and NAD diaphorase (Scarpelli, Hess, and Pearse, 1958) . Modifications to the ATPase and EDTA ATPase were carried out according to Dubowitz (1971) .
Muscle from asymptomatic carriers with high CPK activity showed evidence of destruction of single muscle fibres (Figs 3 and 4) . In most sections the abnormal muscle fibres were scattered apparently at random and in some areas there was evidence of considerable cellular infiltrate (Fig. 5) . In one case the pattern of degeneration of the muscle fibres was grouped in a manner highly suggestive of primary neuronal pathology (Figs 6 and 7) .
The histochemical study revealed areas of excess- (Isaacs and Barlow, 1971) . Such a dissociation has been found in a family under investigation at present (Fig. 11) . Katz (1970) used lignocaine successfully in one case but there is experimental evidence suggesting that this substance should not be used (Strobel and Bianchi, 1971) . After these publications, Harrison (1971) found that intravenous procaine could abort the hyperpyrexial reactions in pigs. Procaine offers, therefore, an alternative to procainamide and Harrison suggests the following dosage: a loading dose of 30-40 mg/kg intravenously followed by an intravenous infusion of 0X2 mg/kg/min until the muscle rigor relaxes. With this regime, isoprenaline has been necessary to maintain the blood pressure and, of course, electrocardiographic monitoring is a standard procedure. It is possible that a much smaller dose will prove to be equally effective and so avoid the severe hypotensive effect.
LATE PHASE The phase of late treatment corresponds with the time when the temperature has been brought down to normal with a return of respiratory and cardiovascular functions to normal. At this stage, electrolyte disturbances must be watched and corrected, with particular attention to the serum potassium which may fall precipitously.
A close watch must be kept on the renal output, as oliguria and renal failure may develop. It may be necessary to control the renal failure by means of haemodialysis until renal function recovers.
Because of the intense muscular wasting and weakness which follows recovery from malignant hyperpyrexia, prolonged rehabilitation by way of physiotherapy, employing splintage, passive movements, and later active exercise is most important.
Maligniant hyperpyrexia DISCUSSION
There are several interesting aspects of muscle disease that emerge from the study of malignant hyperpyrexia.
It is our opinion that malignant hyperpyrexia is always associated with a myopathic process, usually subclinical, as revealed by CPK studies (Isaacs and Barlow, 1970a) . Furthermore, we have now shown that the muscle of susceptible members of the family reported by us (Isaacs and Barlow, 1971 ) may be histologically abnormal. The histological examination of muscle from a known carrier whose CPK was normal vas found to be abnormal (Fig. 7) . Before obtaining this histological evidence, we had considered this case to be an example of suppressed expressivity of the disorder but it is now obvious that either the myopathic lesions are too few at any one time to produce a rise in serum CPK or there must be modifying factors in this patient which have prevented a rise in serum CPK, though the myopathy exists. It remains to be seen whether the normal serum CPK indicates a lessened susceptibility to develop malignant hyperpyrexia. Such modification may also be playing some part in determining the relative rarity of malignant hyperpyrexia in the elderly.
Further evidence of myopathy in families prone to develop malignant hyperpyrexia has been published by Denborough et al. (1970) . In addition to their confirmation of the value of CPK in carrier detection, they found clinical evidence of myopathy. Steers et al. (1970) found evidence of a myopathy in their susceptible family similar to that described by Barnes (1932) . King, Denborough, and Zapf (1972) have suggested that susceptible individuals may show one of a number of specific myopathies consisting of a group with a dominantly inherited myopathy, a group who have myotonia congenita, and a third group with physical abnormalities and a progressive congenital myopathy. The second group implicating myotonia congenita with malignant hyperpyrexia will require substantiation as 45 patients with myotonia dystrophica and 11 patients with myotonia congenita, studied retrospectively by one of us (H.I.), were found to have survived a total of 68 general anaesthetics and there was no history of hyperpyrexial deaths in their families.
LaCour, Juul-Jensen, and Reske-Nielsen (1971) suggested that the myopathic changes found in their cases were secondary to both central and peripheral neurological disease. Their biopsies revealed evidence of degeneration and regeneration in motor nerves which also showed evidence of excessive sprouting and an increased number of endplates. The pattern of atrophy seen in Figs 7 and 8 from a known carrier of this disease lends support to this concept.
After the application of CPK screening in man, elevated CPK levels were found in susceptible pigs by Berman et al. (1971) and Jones (1971) . Harrison et al. (1969) have shown that the muscle of susceptible Landrace pigs shows an abnormal fall in the level of ATP on exposure to halothane vapour. Venable (1971) has shown electron microscopic evidence of myopathy in susceptible strains of Poland-China pigs in the apyrexial state. The abnormalities varied from distorted myofibrillar patterns to areas of frank degeneration. The combined evidence of enzyme, biochemical, and microscopic abnormalities indicates that an underlying myopathy is active in susceptible pigs as well.
In considering the aetiology of malignant hyperpyrexia, the basis of the abnormal heat production is all important. A central neurologically mediated cause for the rise in temperature does not have much support, as the heatregulating mechanisms appear to be intact until an advanced and sometimes preterminal stage has been reached. Sweating, vasodilatation, and tachypnoea occur as the temperature rises but, as the overall heat production in this disease far exceeds that of normal physiological heat production, the processes of heat dissipation are inadequate. Hyperthermia of central neurological origin would not give rise to the extreme hyperkalaemia and metabolic acidosis that occur fairly early in this disease.
That the muscle tissue is ultimately independent of the nervous system in this process of abnormal production of heat is exemplified by one of the cases dying of malignant hyperpyrexia at the Coronation Hospital. The patient was undergoing surgery to the lower limb and before the injection of suxamethonium a tourniquet had been applied to this limb. This occlusion of perfusion caused the limb to remain flaccid as though it were protected from the noxious 237 group.bmj.com on June 22, 2017 -Published by http://jnnp.bmj.com/ Downloaded from effects of the suxamethonium and subsequent halothane inhalation. The rest of the body became rigid and contributed to the enormous heat production. Though the site of heat production in malignant hyperpyrexia is largely from muscle and independent of neurological influence, one cannot exclude some prior predisposing or modifying effect that the nervous system may have produced in the muscle.
Agents which block neuromuscular transmission do not protect the muscle from malignant hyperpyrexia nor do they alleviate the condition once established. Harrison (1971) has found that the prior administration of curare prevents the triggering action of succinylcholine but does not block the effects of halothane in susceptible Landrace pigs. Theye (1970) has shown that dogs anaesthetized with halothane show an increased oxygen consumption after the administration of succinylcholine to the extent of 5060% in the first 20 minutes. After this period an increased oxygen consumption of 20% above normal is maintained. The initial massive increase was shown to be due to end-plate generation of action potentials causing contraction of the muscle fibres; the sustained increase results from an altered energy requirement of the muscle itself. The sustained increased heat production is subsequent to the entry of succinylcholine into the muscle cell and this altered oxygen consumption is not influenced by blocking agents. The initial massive fasciculation which suxamethonium administration induces may be damaging to the muscle and Kalow (1971) considers that the mass release of potassium after this depolarization is indicative of damage to the sarcolemma. Tammisto and Airaksinen (1966) have shown increases in serum levels of CPK after administration of suxamethonium. The increased heat production as seen in dogs and outlined above does not account for the heat of malignant hyperpyrexia.
There are similarities between the rigidity of the muscle in malignant hyperpyrexia and experimentally produced muscle contractures. Malignant hyperpyrexia occurs in humans as already stated in two forms; the common form accounts for about 80% of the cases and is associated with muscular rigidity, the remaining cases showing no evidence of alteration in muscle tone.
When halothane and dinitrophenol are administered to dogs they develop a state of muscular rigidity associated with excessive heat production. It has been stated that the heat production in these circumstances is due to uncoupling of oxidative phosphorylation (Wilson, Nicols, Dent, and Allen, 1966; Gatz, Hull, Bennett, and Jones, 1970) . Uncoupling of oxidative phosphorylation alone, however, does not seem to offer the entire explanation for the heat production in malignant hyperpyrexia (Wang, Moffitt, and Rosevear, 1969) , and increased or accelerated glycolysis (anaerobic metabolism) would be necessary to ensure an effective source for the rephosphorylation of ATP . Britt and Kalow (1967) showed that halothane did not increase the dinitrophenol contracture in rats and rabbits, nor in the case of chickens (Viguera and Conn, 1967) . 2,4-dinitrophenol blocks the second and third ATP formation of the respiratory chain of the mitochondria, while halothane tends to inhibit the first ATP formation according to Miller and Hunter (1971) and, as such, is not considered a true uncoupling agent. Halothane is an anaesthetic with a mild positive charge and so tends to reduce the membrane permeability to calcium and sodium but it has the effect of displacing the calcium which is bound to the cell membrane and sarcoplasmic reticulum. It is, nevertheless, reasonable to accept that the greatest source of heat in malignant hyperpyrexia is produced by uncoupling of oxidative phosphorylation. Such energy release, as shown by Williams (1971) , can be achieved by cations such as calcium which are able to penetrate the mitochondrial membrane as calcium or as lipid soluble complexes which move into the mitochondria and disrupt the chemo-osmotic potential. This situation in turn disturbs the proton gradients disrupting the equilibrium of the primary energy conservation systems of the mitochondria. Halothane has, in addition, a direct though non-specific effect upon the mitochondrial membrane, affecting the lipid phase, and in this way may pave the way for other substances, again, possibly calcium, to initiate the uncoupling process.
Apart from the contracture and heat production which is associated with poisoning by dinitrophenol, additional and vital information has been obtained by comparing the rigid form Malignant hyperpyrexia of malignant hyperpyrexia with caffeine-induced rigor. Caffeine contracture of muscle in vitro has been well documented by Sandow (1970) who was able to show that this contracture occurs in consequence of the release of calcium into the sarcoplasm, thereby initiating ATPase activity. Weber and Hirtz (1968) claimed that the increased sarcoplasmic concentration was achieved by the release of calcium from the sarcoplasmic reticulum, while Weber (1968) Britt and Kalow (1970) were the first to suggest that, as a result of various anaesthetic substances, the sarcoplasmic reticulum was unable to reaccumulate the calcium from the sarcoplasm. In order to test this hypothesis, Kalow et al. (1970) decided to test the susceptibility of human muscle to caffeine contracture and examined muscle taken from three volunteers who had survived a malignant hyperpyrexial reaction.
The isolated muscle was mounted so that isometric tension could be measured while the muscle was bathed in a solution resembling human plasma. The muscle was electrically stimulated and the responses to caffeine and halothane administration were noted. Muscle strips of two of the three patients who had previously developed the rigid form of malignant hyperpyrexia showed increased susceptibility to develop caffeine contracture when compared with normal controls. This increased susceptibility was enhanced by halothane. They were also able to show that the accumulation of calcium by the sarcoplasmic reticulum was lowered by the administration of 500 halothane in two of the susceptible cases, while it remained normal in the controls. These results are in keeping with earlier work of Sabawala and Dillon (1968) who demonstrated that halothane was able to enhance the twitch response in human muscle after direct stimulation, suggesting that halothane may have similar action to caffeine and act by blocking the return of calcium to the sarcoplasmic reticulum. The failure to demonstrate halothane-induced contracture in the one specimen of susceptible muscle by Kalow et al. (1970) may be due to the fact that their experiment was carried out at physiological temperatures, as suggested by Keaney and Ellis (1971) . Ellis, Harriman, Keaney, Kyei-Mensah, and Tyrrell (1971) have been able to demonstrate that halothane is capable of inducing a reversible contracture in susceptible muscle. Strobel and Bianchi (1971) produced contracture in isolated frog sartorius muscle by administering halothane to the muscle which had been previously exposed to caffeine. This action of halothane, as pointed out by Kalow, is similar to the effect seen after the administration of ether which was demonstrated by Fiehn and Hasselbach (1969) . Kalow et al. (1970) conclude that malignant hyperpyrexia with rigidity is caused by an inborn metabolic error in skeletal muscle which renders the muscle susceptible to disturbances of intracellular calcium distribution. They further suggest that malignant hyperpyrexia without rigidity is a different disease and that both are inherited as autosomal dominant abnormalities and both are equally lethal. This opinion, however, is not acceptable to us as we find it difficult to reconcile the fact that both forms of malignant hyper-Malignianit hyperpyrexia to reverse the fully established syndrome, enabling two out of five pigs to survive. Ellis et al. (1971) were able to show that procaine hydrochloride was able to prevent and reverse the halothane-induced muscle contracture in susceptible muscle strips.
Though it seems likely that an effective therapy has become available in the form of procainamide or procaine this should not be taken as an indication to relax vigilance with regard to prophylaxis. Careful interrogation of the patient with regard to anaesthetic deaths in the family is of paramount importance. The fact that a patient with such a history has had a previous uneventful anaesthetic is no safeguard and in fact may sensitize the patient in some way to subsequent anaesthetic challenge. Several tests which may point to susceptibility are available and the most widely used is the serum creatine phosphokinase (Isaacs and Barlow, 1970a If serum creatine phosphokinase is used as a general screening test there will be some false positives, as several otherwise normal members of the population who give no family history of muscular dystrophy or malignant hyperpyrexia will be found to have elevated levels which may reflect some other unrelated non-specific defect (Emery and Spikesman, 1970) . However, we would suggest that these cases remain suspect and should not be challenged with drugs or anaesthetics without caution. If need be, muscle histology per se, as shown in this paper, or exposure of muscle strips to halothane (Harrison et al., 1969) or halothane and caffeine 
